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3 lm aperture probes for near-field terahertz transmission microscopy . Using this effect, we realized THz near-field probes incorporating 3 lm apertures and we demonstrate transmission mode THz time-domain near-field imaging with spatial resolution of 3 lm, corresponding to k/100 (at 1 THz). Terahertz (THz) spectroscopy and imaging is now applied widely in basic and applied research. 1 Due to the relatively large wavelength, spatial resolution beyond the diffraction limit in THz microscopy is achieved using near-field scanning probes. [2] [3] [4] [5] [6] [7] [8] [9] The probe determines the spatial resolution as well as the nature of the detected signal. Subwavelength aperture probes and electro-optic probes so far have reached a spatial resolution of 7-10 lm, [3] [4] [5] [6] whereas scattering needle probes showed a spatial resolution better than 1 lm. 7, 8 The contrast obtained by the scattering probes is a complex function of a number of parameters due to the local field enhancement produced by scattering probes and due to the probe dithering employed for these measurements. [6] [7] [8] The electro-optic and aperture probes on the other hand produce THz images, which typically correlate with the electric field distribution near the sample surface illuminated by a THz beam, showing the interaction of the THz wave with the sample directly. The sub-wavelength aperture probe, discussed here, in principle enables spatial resolution on the order of the aperture size, independent of the wavelength and over one order of magnitude better than the diffraction limit. 3 However, decreasing the aperture size (a) substantially below the wavelength (k) is prohibitive because of the strong dependence of the transmitted wave amplitude on aperture size. 10 According to Bethe's theory, the transmitted field amplitude (E) follows a a 3 power law (i.e., intensity I a 6 ) for apertures a k. 11, 12 This power law was confirmed experimentally at THz frequencies. 10 The limited transmission through these apertures has restricted the use of stand-alone apertures smaller than 20-30 lm for THz near-field microscopy. Each factor of 2 reduction in the aperture size produces a drop in the transmitted wave intensity by almost two orders of magnitude.
The problem of low transmission has been mitigated in integrated near-field probes, where a THz detector is placed in the near-field zone of the aperture. 3, 5, 13 The detector can sense evanescent field components, which dominate in the k-vector spectrum of the transmitted wave for small apertures (ak). However, even the evanescent field was observed to follow Bethe's a 3 dependence at a distance of 4 lm from the aperture. 10 It was recently pointed out that the strength of the THz evanescent field within 1-2 lm from the aperture deviates significantly from Bethe's dependence. 2, 13 At this range, the electric field can be over an order of magnitude higher than what is expected from the a 3 dependence. In this Letter, we present THz near-field probes with a photo-conductive detector integrated within 1 lm from the aperture and we experimentally show that the sub-wavelength aperture transmission indeed deviates from Bethe's dependence of E / a 3 . This effect not only allows us to use the integrated THz near-field probes with apertures as small as 3 lm for THz time-domain microscopy in transmission configuration, but also suggests an approach to reduce the aperture size further and to enable higher spatial resolution. We describe how the parameters of this aperture-type integrated near-field probe affect the probe sensitivity. We also demonstrate the highest spatial resolution (3 lm) achieved to date with an aperture-type near-field probe for THz time-domain spectroscopy and imaging. 2 In the THz near-field probes with an integrated photoconductive detector, the minimal separation between the aperture screen and the detector antenna is limited first of all by the optical absorption length in the photoconductor and secondly by the requirement of electrical isolation between the aperture screen and the antenna. The optical absorption length in GaAs is 1.4 lm at 800 nm and therefore a typical thickness of the photoconductive layer with sub-picosecond carrier lifetime is 1 lm. To ensure that there is no current leakage between the metallic screen and the contacts of the THz antenna, the probes must also contain a semiconductor (or dielectric) region, where no photo-carrier excitation can take place. The minimal separation between the aperture and the THz antenna has been 4 lm (Ref. 3 ) and 2 lm (Ref. 14) . This distance however is larger than the range of the strong evanescent field for apertures smaller than 3 lm. take advantage of the evanescent field for such apertures, the entire THz detector must be sufficiently small to be accommodated within a short range (1 lm) of the aperture.
To integrate the THz detector within 1 lm of the aperture, we modify the optical properties of the active region by incorporating a distributed Bragg reflector (DBR) between the aperture plane and a thinned photoconductive layer ( Fig. 1(a) ). The DBR has two main purposes. First, the photoconductive layer behaves like a low-Q cavity, leading to enhanced optical fields and increased carrier generation. Second, optical isolation prevents the gating optical pulse passing through the near-field probe and reaching the sample. This is important for imaging applications of this system as it permits imaging of light sensitive samples, such as semiconductor-based metamaterials, and reduces the effect of false contrast that can arise if the sample has non-uniform optical reflectivity. The proposed probe structure allows us to miniaturize the active region of the THz detector and to place it within 1 lm of the aperture.
The structure consists of a 505 nm thick, low-temperature grown (LT) GaAs active region, chosen as a multiple of k/4 of the gating pulse wavelength (800 nm) to reinforce the DBR effect ( Fig. 1(a) ). The DBR is made up of 9 k/4 layers of AlAs and Al 20% Ga 80% As. The DBR is separated from the metallic screen by a dielectric spacer layer made of either a combination of the 527 nm thick Al 20% Ga 80% As layer and a 68 nm AlAs layer (both in multiples of k/4), or a 30 nm thick Al 2 O 3 film. The distance from the aperture plane to the antenna is therefore 1.6 lm and 1.0 lm, respectively, in the two designs.
A set of THz near-field probes with the antenna-aperture separation z ¼ 1.6 lm and apertures of 3, 5, and 10 lm and a reference THz detector without the metallic screen are fabricated using the process described in Ref. 15 . In summary, the samples are grown by molecular beam epitaxy (wafer number: VB0580). A THz antenna is deposited on the annealed LT GaAs surface using optical contact lithography. The antenna consists of two gold transmission lines and two pointed halves of a dipole antenna, separated by a gap g ¼ 7.5 6 1 lm (Fig. 1(b) ). Each antenna is transferred on to a sapphire substrate (with the antenna facing the substrate). After polishing away and etching the GaAs substrate, a 300 nm thick gold screen with a square aperture is deposited on the spacer layer. The aperture is aligned with the center of the antenna.
The combination of the DBR, the LT-GaAs layer and the spacer layer minimizes optical transmission of the gating pulse at the excitation wavelength. The optical transmission spectrum for the 1.6 lm-thick hetero-structure (mounted on a sapphire substrate and normalized to the substrate transmission coefficient) has a minimum of <10% near the excitation wavelength (800 nm). Periodic variation of the transmission coefficient shows the DBR effect ( Fig. 1(c) ).
For experimental evaluation of THz transmission through the probe aperture, THz pulses are generated using optical rectification in a 1.0 mm thick ZnTe crystal and coupled into a hollow cylindrical metallic waveguide, 1 mm in diameter and 80 mm in length ( Fig. 1(d) ). The waveguide is used in order to form an unfocused transverse THz wave with a well-defined beam profile (0.5 mm intensity FWHM) 16 and to avoid the longitudinal electric field present in focused beams, which can be also detected by the probe. 17 The transparent substrate of the probe allows optical access to the photoconductive antenna for the optical gating pulses (mode-locked Ti:Sapphire laser, s ¼ 100 fs, k ¼ 800 nm) focused on the antenna gap using a lens (NA ¼ 0.5).
The waveform and the corresponding spectrum of the THz pulse detected using a 10 lm square aperture probe are shown in Fig. 2 . Although the waveguide induces pulse broadening due to the waveguide dispersion and mode interference, 18 the transmission coefficient of the aperture can be evaluated using any shape of the THz pulse.
The amplitude of the detected THz field decreases by a factor of 5 for the 5 lm aperture compared to the 10 lm aperture, and by a factor of 40 for the 3 lm aperture. Their relative spectral amplitudes in the range of 1-1.5 THz are shown by blue symbols in Fig. 3 . The functional dependence will be discussed later, however, here we note that the pulse waveform remains unchanged for all tested probes, despite the strong drop in amplitude. This observation agrees with the finding that the waveform of the transmitted THz pulse is independent of the aperture size in the regime a < k/10 and the waveform corresponds to a temporal derivative of the incident wave. 19, 20 Experimental evaluation of the relative transmission coefficient for probes with different aperture sizes is therefore possible not only in the frequency domain, but also in the time domain. The relative amplitude of the THz pulse time-domain waveforms allows us to evaluate the transmission coefficient for the 3 lm probe, for which the noise level becomes too high for performing Fourier analysis.
To investigate the impact of reducing the separation between the antenna and the aperture to z ¼ 1 lm, the 600 nm AlGaAs spacer is replaced by a 30 nm think Al 2 O 3 layer. A 3 lm aperture probe with z ¼ 1 lm and a smaller gap between the dipole antenna tips (3.5 6 0.5 lm) showed a factor of 10 improvement in the detected field amplitude. For a set of 3, 5, and 10 lm aperture probes with z ¼ 1 lm, the detected field follows a weaker dependence on aperture size than the a 3 power law predicted by Bethe's theory. To analyze the functional dependence of the amplitude on aperture size, we compare the experimental results to the numerically computed amplitude of the electric field within a short distance of the apertures. We used a commercial solver based on the finite-difference time-domain method 21 to model THz pulse transmission through square holes in a 300 nm thick gold film placed on a GaAs substrate (n ¼ 3.59). We select the range of 1-1.5 THz to match the experimental conditions used in this work, as well as a previous study of aperture transmission for comparison, 10 and plot the mean of the calculated transmission coefficient over this range. We also average the calculated E-field over a distance of 5 lm to evaluate the "average" field over the area of photo-excitation. It should be noted that the detector antenna is not included in the simulations.
In Fig. 3 , the simulation results clearly show the benefits of moving the detector antenna close to the aperture. For z ¼ 15 lm, a dependence of slightly worse than a 3 is found. The extra losses beyond the Bethe model are associated with the finite thickness of the screen, which introduces waveguiding losses, and the Ohmic losses in the metal. For smaller z, the electric field amplitude increases significantly due to the evanescent nature of the transmitted field. We note that it is the aperture size, rather than the wavelength, that determines the distance at which the evanescent field remains strong. The wavelength determines whether the field is evanescent or propagating, however the aperture size determines the decay length of this field. The a 3 dependence persists for z significantly smaller than the wavelength. This result is consistent with the experimental results for near-field probes with the distance between the antenna and the aperture of 4 lm. 4 For even smaller z, however, the power law changes gradually towards a linear dependence E a 1 , found for z ¼ 0 in the plane of the aperture, 13 and the amplitude of the field increases significantly.
In order to compare the simulation results to the experiments, the detected pulse amplitude must be normalized to the incident wave amplitude within the same frequency range. The incident field can be evaluated by a THz antenna detector without the metallic screen. In this case however the device response relative to simulations is enhanced by the antenna (Fig. 1) and a correction factor has to be applied. The physical reason for the correction factor is as follows. Without the aperture screen present, the incident E-field acts along the length of each antenna arm, leading to field enhancement at the antenna tips, which was observed in Ref. 22 . When the aperture screen blocks a large fraction of the antenna, the incident E-field does not act along the whole antenna, but only at the antenna tips, and hence the enhancement effect is not present. If we assume that the antenna enhances the incident field by a factor of 4.1, we find a good match between the experiment and theory. Although it is difficult to determine a precise value of the enhancement factor because it depends on the antenna design 23 and on the size of the THz beam, the value of 4.1 is consistent with the antenna geometry. We also find a similar enhancement factor of 4.6 when comparing the earlier experimental study of the probes with z ¼ 4 lm (Ref. 10 ) with the present calculations. The value of the antenna enhancement factor and the transmission coefficient in Fig. 3 allows us to estimate the sensitivity of near-field probes relative to the photoconductive antenna detector. For example, the transmitted amplitude for a nearfield probe with a ¼ 3 lm and z ¼ 1 lm is 0.009 (Fig. 3) , whereas the antenna enhancement factor is 4.1. Therefore the sensitivity of the near-field probe is lower compared with the photoconductive antenna (without the aperture) by a factor of 0.009/4.1 ¼ 0.0022 (in amplitude) or by 53 dB (in power).
The functional dependences calculated for z ¼ 1.0 lm and for z ¼ 1.6 lm are followed by the experimental results closely except for the 3 lm probes with g ¼ 7.5 lm, for which the detected signal is noticeably weaker than predicted by calculations. This is attributed to the antenna tips being spaced further apart than the aperture size, meaning that the average field between the tips is reduced by approximately a factor of 2-3, consistent with the measured amplitude. This observation highlights the importance of scaling the photoconductive antenna gap with the aperture size in order to take advantage of the evanescent field, which is present only in the area of the aperture. These results show that by reducing the distance between the aperture and the detector we moved well beyond the Bethe dependence of E / a 3 . This represents over one order of magnitude improvement for sensitivity of a near-field probe with this design. It allows us to detect THz waves through apertures as small as 3 lm. We note that the design discussed here was selected to enhance photo-carrier generation in the THz detector and to minimize transmission of the optical gating beam (800 nm) through the probe by introducing the DBR. However the design can be altered to increase the sensitivity of the near-field probes: for example, by optimizing the thickness of the active LT-GaAs layer and the number periods in the DBR. Optimization of the structure to take into account these effects should improve performance even further, leading to potential use of apertures as small as 1 lm.
Spatial resolution capabilities of the integrated nearfield probes are evaluated by scanning an edge of a metallic strip deposited on GaAs in front of the 3 lm aperture probe. For this experiment we used an unfocused THz beam generated using the ZnTe crystal positioned approximately 5 mm away from the test sample (without a waveguide). The THz pulse waveform and the amplitude spectrum are shown in Fig. 4(a) . The metallic edge is oriented parallel to the polarization. The amplitude of the THz pulse shows good contrast between the metallic and dielectric regions (Fig. 4(b) , red line) with the transition region length of 3.3 6 0.5 lm using the 10%-90% criterion or 2.5 lm using the 20%-80% criterion. This test confirms that the probe spatial resolution is determined by the aperture size.
To verify that the detected signal corresponds to the electric field of THz pulse, Fig. 4(b) also displays a trace (blue line) measured at the same location of the sample but 2 ps prior to the THz arrival. As expected, this trace shows no signal variation between the metallic and dielectric regions. We note that the probe is kept 1 lm from the sample during the scan. The probe sensitivity is not based on the local field enhancement effect and therefore it does not require dithering the probe or the sample, the method typically used in the scattering probe microscopy.
In conclusion, we have proposed and demonstrated an integrated photo-conductive probe for THz near-field microscopy in transmission, sensitive enough to use apertures as small as 3 lm (k/100 at 1 THz). The dependence of the probe sensitivity on aperture size is evaluated experimentally. It shows that the Bethe dependence of transmission through a single sub-wavelength aperture (E a 3 ) weakens within the range of 1 lm of the aperture. This suggests that further improvements in resolution for the aperture-type probe are possible by optimising both the probe epilayer structure and the detector antenna design. (b) Normalized traces of the field amplitude, E(t), detected by the probe when a metallic edge is scanned over the aperture: t ¼ t 1 represents the detected field amplitude at the peak of the pulse and t ¼ t 2 represents the field 2 ps prior the pulse arrival; inset: an optical image of the aperture (the scale bar is 3 lm).
